Anterior Cingulate and Posterior Parietal Cortices Are Sensitive to Dissociable Forms of Conflict in a Task-Switching Paradigm  by Liston, Conor et al.
Neuron 50, 643–653, May 18, 2006 ª2006 Elsevier Inc. DOI 10.1016/j.neuron.2006.04.015Anterior Cingulate and Posterior Parietal
Cortices Are Sensitive to Dissociable Forms
of Conflict in a Task-Switching ParadigmConor Liston,1,* Shanna Matalon,1 Todd A. Hare,1
Matthew C. Davidson,1 and B.J. Casey1
1Sackler Institute for Developmental Psychobiology
Weill Medical College of Cornell University
1300 York Avenue, Box 140
New York, New York 10021
Summary
The conflict-monitoring hypothesis posits that ante-
rior cingulate cortex (ACC) monitors conflict in infor-
mation processing and recruits dorsolateral prefrontal
cortex (DLPFC) to resolve competition as needed. We
used fMRI to test this prediction directly in the context
of a task-switching paradigm, in which subjects re-
sponded to the color or themotion of a visual stimulus.
Conflict was indexed in terms of the product of activi-
ties in areas specialized for color ormotion processing
on a trial-by-trial basis. Here, we report that ACC and
posterior parietal cortex (PPC) were sensitive to dis-
tinct forms of conflict, at the level of the response
and the stimulus representation, respectively. Activity
in PPC preceded increased activity in DLPFC and pre-
dicted enhanced behavioral performance on subse-
quent trials. These findings suggest that ACC and
PPC may act in concert to detect dissociable forms of
conflict and signal to DLPFC the need for increased
control.
Introduction
Attentional impairments, broadly defined, feature prom-
inently in the symptomatology of a variety of psychiatric
conditions and are often accompanied by structural and
functional abnormalities in a network of structures, in-
cluding anterior cingulate and lateral prefrontal cortices
(Cohen and Servan-Schreiber, 1992; Casey et al., 2002;
Bishop et al., 2004). A more concrete understanding of
the contribution of subcomponents of this circuitry to
cognitive control is crucial for understanding the rela-
tionship between clinical symptomatology and neuropa-
thology in these conditions.
Converging evidence from rodent, primate, and hu-
man imaging studies implicates a network of structures,
including lateral prefrontal cortex, anterior cingulate
cortex (ACC), and posterior parietal cortex (PPC), in dis-
sociable aspects of cognitive and behavioral regulation
(Dias et al., 1996; Birrell and Brown, 2000; O’Reilly et al.,
2002; McAlonan and Brown, 2003; Fox et al., 2003).
There is a growing consensus that lateral prefrontal cor-
tex acts to support task-relevant representations of
stimulus information and stimulus-response mappings,
thus favoring them in competitions with task-inappropri-
ate representations in posterior cortex (Desimone and
Duncan, 1995; Miller and Cohen, 2001). Distinct regions
of lateral prefrontal cortex may regulate representations
*Correspondence: col2004@med.cornell.eduat various levels of abstraction (Dias et al., 1996; O’Reilly
et al., 2002; Koechlin et al., 2003) and contribute differ-
entially to enhancement versus inhibition (Casey et al.,
2000). Posterior parietal cortex has been implicated in
the generation of motor plans via transformations of
sensory inputs from multiple modalities (Anderson and
Buneo, 2002) and may integrate representations of re-
ward information in the service of perceptual decision-
making (Platt and Glimcher, 1999; Gold and Shadlen,
2001).
One influential theory,known as the conflict-monitoring
hypothesis, posits thatACCmonitorsconflicts in informa-
tion processing and recruits lateral prefrontal cortex to
resolve competition as needed (Botvinick et al., 2001).
The conflict-monitoring hypothesis makes a variety of
testable predictions, several of which have been con-
firmed in a series of recent experiments. These studies
demonstrated that ACC activity is higher on trials associ-
ated with multiple competing responses; that dorsolat-
eral prefrontal cortex (DLPFC) activity is increased across
blocks of trials expected to require greater control; and
that increased ACC activity on a given trial predicts in-
creased DLPFC activity and more effective behavioral
regulation on the subsequent trial (Carter et al., 1998,
2000; MacDonald et al., 2000; Kerns et al., 2004).
The conflict-monitoring hypothesis provides a plausi-
ble account of how anterior cingulate and dorsolateral
prefrontal cortices act in concert to detect conflict and
implement control to resolve it, while producing testable,
mechanistically specific predictions, many of which
have been verified. However, recent findings complicate
this model. Using variations of the Stroop task, Milham
and colleagues showed that with practice, DLPFC is en-
gaged independently of ACC, a finding at odds with the
assertion that ACC acts to recruit DLPFC in this para-
digm (Milham et al., 2003). They also showed that while
DLPFC, PPC, and ACC respond to manipulations of
conflict, the role of ACC is limited to conflict at the level
of the response and not at the level of the stimulus repre-
sentation (Milham and Banich, 2005), leading some to
speculate that ACC may act with DLPFC to resolve
conflicts, not detect them (Paus, 2001).
We reasoned that conflict should be particularly ro-
bust, and therefore more amenable to measurement, in
a task-switching paradigm in which subjects responded
to either the color or the motion of a visual stimulus. A
growing body of neuroimaging research has investi-
gated the role of DLPFC, ACC, and PPC in reconfiguring
task sets (e.g., Sohn et al., 2000; Dreher and Berman,
2002; Luks et al., 2002; Barber and Carter, 2005; Dreher
and Grafman, 2003). Though our findings are discussed
below in the context of this work, it should be empha-
sized that the principal aims of the present study were
(1) to examine the role of these structures in the detection
and resolution of conflicts in information processing; and
(2) to dissociate the contributions of response conflict
and stimulus conflict to cognitive control demands, us-
ing task switching as a tool to probe and accentuate
these effects. Other studies have implicated ACC in re-
sponding to conflict by comparing trials associated
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to congruent trials. Conflict in these studies is defined
in cognitive rather than physiologic terms (MacDonald
et al., 2000; Kerns et al., 2004). Here, we adopt a comple-
mentary approach: in accord with computational formu-
lations (Botvinick et al., 2001), we define conflict in terms
of the product of activities in areas specialized for color
or motion processing and examine how the BOLD signal
in lateral prefrontal, anterior cingulate, and posterior pa-
rietal cortices varies with this measure on a trial-by-trial
basis.
Results
Event-related fMRI scans were acquired from 19 healthy
young adults (ten males) while they made discrimina-
tions concerning either the color or the motion of a series
of visual stimuli. On each trial, subjects viewed a pair of
circular square-wave gratings, one red and one green.
Each grating moved either up or down. The gratings
flanked a simultaneously presented, centrally located
task cue (‘‘M’’ or ‘‘C’’). If the cue was an ‘‘M,’’ the subject
responded by choosing the side with the upward moving
grating, regardless of color. If the cue was a ‘‘C,’’ the sub-
ject responded by choosing the side with the red grating,
regardless of motion (Figure 1). Repeat trials were de-
fined as those preceded by two to five trials of the
same dimension (e.g., MMMM). Shift trials were those
preceded by two to five trials of the opposite dimension
(e.g., CCCM).
Trials also varied with manipulations of conflict at the
level of the response and the stimulus representation.
In a low response conflict trial, the red grating was also
the upward moving grating so the correct response
was the same in both dimensions. In a high response
conflict trial, the red grating was downward moving,
and the green grating was upward moving so the correct
response depended on the cue (see Figure 2B). Stimulus
conflict was parametrically manipulated by adjusting the
color saturation on motion trials and the square-wave
contrast on color trials, yielding three levels of conflict
(low, medium, and high; see Figure 2C) that varied with
the salience of the irrelevant dimension (Campbell and
Maffei, 1980). For each trial of a given dimension, the sa-
lience of the relevant dimension was held constant; only
the salience of the irrelevant dimension was varied. Thus,
the difficulty of the relevant visual discrimination did not
vary from trial to trial independently of competing stimu-
lus information from the irrelevant dimension. Color and
motion trials were presented in a pseudorandomized or-
der such that the task cue could not be predicted, and
each contrast described below was counterbalanced
for dimension, side of target presentation, response con-
flict, and stimulus conflict. Importantly, this counterbal-
ancing ensured that the stimulus conflict manipulation
was not confounded by conflict at the level of the re-
sponse (and vice versa) or by other attentional demands,
independent of those associated with interference from
the irrelevant dimension. (See the Supplemental Data
available with this article online for further discussion.)
Behavioral Results
Analysis of behavioral data confirmed the validity of
these manipulations (Figure 2). All behavioral effectswere observed for both color and motion trials, so these
results are collapsed across dimension. Shift trials were
slower [F(1,18) = 388.03, p < 0.001] and less accurate
[F(1,18) = 6.50, p = 0.02] than dimension-matched repeat
trials. As predicted, both conflict manipulations were
also associated with significant behavioral impairments.
Response conflict was associated with impairments in
reaction time [F(1,18) = 50.1, p < 0.001] and accuracy
[F(1,18) = 4.37, p = 0.05]. Post hoc contrasts indicated
that these effects were driven by shift trials: whereas
high conflict shifts were slower (t = 3.81, p < 0.001) and
less accurate (t = 1.95, p = 0.05) than low conflict shifts,
the effects of response conflict on repeat trial RT (t =
1.81, p = 0.07) and accuracy (t = 1.27, p = 0.21) did not
reach significance. This was reflected in an interaction
between response conflict and task switching for reac-
tion time [F(1,18) = 14.79, p < 0.001].
The effects of stimulus conflict were confined primarily
to reaction time [F(2,36) = 36.14, p < 0.001]: for both shift
[F(2,36) = 10.60, p < 0.001] and repeat trials [F(2,36) =
7.74, p = 0.001], a main effect of stimulus conflict was ob-
served such that increasing interference from the irrele-
vant dimension was associated with slower reaction
times. There was also an effect of stimulus conflict on
accuracy [F(2,36) = 4.77, p = 0.01] that was specific
to shifts [F(2,36) = 7.27, p = 0.001] but not repeats
[F(2,36) = 0.47, p = 0.63], as reflected in an interaction be-
tween stimulus conflict and task switching [F(2,36) =
9.35, p < 0.001]. However, this effect was confounded
by an interaction between stimulus conflict and re-
sponse conflict [F(2,36) = 17.66, p < 0.001]. That is, the
main effect of stimulus conflict on accuracy was limited
to high response conflict shift trials [F(2,36) = 27.05, p <
0.001] and not low response conflict shifts [F(2,36) =
1.47, p = 0.24]. No other main effects or interactions
were observed.
Thus, stimulus conflict was associated with impair-
ment in reaction time but not accuracy per se, but this ef-
fect persisted even for repeat trials. Response conflict
Figure 1. Task Paradigm
The task cue and square-wave stimuli were presented simulta-
neously for 1500 ms followed by a 500 ms fixation cross. Repeat tri-
als were preceded by two to five trials of the same dimension. Shift
trials were preceded by two to five trials of the opposing dimension.
Shift trials and repeat trials were followed by a variable intertrial in-
terval of 0.5–12.5 s (mean 5.0 s).
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(A) Shift trials were significantly slower [middle panel: F(1,18) = 388.03, p < 0.001] and less accurate than repeat trials [bottom panel: F(1,18) =
6.50, p = 0.02]. Error bars = SEM.
(B) Response conflict was associated with impairments in reaction time [middle panel: F(1,18) = 50.1, p < 0.001] and accuracy [bottom panel:
F(1,18) = 4.37, p = 0.05], but these effects were driven by shift trials. Whereas high conflict shifts were slower (t = 3.81, p < 0.001) and less accurate
(t = 1.95, p = 0.05) than low conflict shifts, the effects of response conflict on repeat trial RT (reaction time) (t = 1.81, p = 0.07) and accuracy (t =
1.27, p = 0.21) did not reach significance. This was reflected in an interaction between response conflict and task switching for reaction time
[F(1,18) = 14.79, p < 0.001]. Error bars = SEM.
(C) Stimulus conflict was associated with impairments in reaction time [F(2,36) = 36.14, p < 0.001]. There was also an effect of stimulus conflict
on accuracy that was specific to shifts but not repeats, as reflected in an interaction between stimulus conflict and task switching [F(2,36) = 9.35,
p < 0.001]. Error bars = SEM. Main effects: * p < 0.05, ***p < 0.001. Interactions: +p < 0.001.was associated with impairments in accuracy as well as
reaction time that were compounded when response
conflict and stimulus conflict were both high, but these
effects diminished rapidly over the course of two to five
repetitions. This behavioral paradigm was designed to
address three questions in the imaging data. First, we
identified the principal regions involved in shifting atten-
tional set and reconfiguring task rules by contrasting
shift trials with dimension-matched repeat trials. Next,
we sought to dissociate the contributions of conflict at
the level of the stimulus representation and at the level
of the response to these patterns of activity. Finally, we
examined how these regions responded to a physiologic
index of conflict.
Effects of Task Switching
Shift trials relative to dimension-matched repeat trials
engaged a network of prefrontal and parietal structures
(Figure 3), including bilateral dorsolateral prefrontal cor-
tex (BA 8/9), bilateral anterior cingulate cortex (BA 24/
32), and bilateral posterior parietal cortex (BA 40/7).
These regions were also engaged when color trials andmotion trials were examined separately, so the results
depicted in Figure 3 are collapsed across dimension.
The precise locations of these regions, as well as the lo-
cations of regions engaged for color trials but not motion
trials or vice versa, are detailed in Table S1 in the Supple-
mental Data.
Effects of Response Conflict and Stimulus Conflict
Next, we examined the effects of response and stimulus
conflict on activity in DLPFC, ACC, and PPC. This served
both to dissociate the contributions of each type of con-
flict and to identify regions of interest that were particu-
larly sensitive to conflict within the relatively large areas
of DLPFC, ACC, and PPC activated in the task-switching
contrast. High response conflict shifts relative to low re-
sponse conflict shifts (Figure 4A) engaged a network of
structures that included rostral anterior cingulate cortex
(BA 24/32, p < 0.05) but not the region of dorsal PPC (BA
7, p > 0.62) illustrated in Figure 3, which was reflected in
an interaction between region (ACC, PPC) and response
conflict [F(1,18) = 5.22, p = 0.035]. Other areas that were
sensitive to response conflict included ventrolateral
Neuron
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Shift trials contrasted with repeat trials engaged a network of prefrontal and parietal structures. 3D renderings of areas engaged by the shift-
repeat contrast (main panel) are paired with coronal sections (bottom panels). These include bilateral DLPFC (orange), bilateral ACC (yellow),
and bilateral posterior parietal cortex (BA 7/40; violet).prefrontal cortex (inferior frontal gyrus: BA 44/45), orbito-
frontal cortex (BA 11), and inferior aspects of posterior
parietal cortex (BA 40; Figure 4C: p < 0.05; see Table
S2 for precise locations). These effects were limited to
shift trials; no effects of response conflict on repeat trialswere observed, which was confirmed by an interaction
between task switching (shift, repeat) and response con-
flict [F(1,18) = 13.46, p = 0.002].
High stimulus conflict shifts relative to low stimulus
conflict shifts (Figure 4B) engaged a network ofFigure 4. Response Conflict and Stimulus Conflict Engaged Dissociable Networks of Frontoparietal Structures
(A) High response conflict shift trials relative to low response conflict shift trials (green regions in [C]) engaged a network of structures, including
orbitofrontal cortex (OFC), anterior cingulate cortex (ACC), ventrolateral prefrontal cortex (vlPFC) and inferior aspects of posterior parietal cortex
(PPC). No significant differences were observed in these areas for high versus low response conflict repeat trials.
(B) High stimulus conflict shifts relative to low stimulus conflict shifts (red regions in [C]) engaged a distinct network of structures including an-
terior prefrontal cortex, dorsolateral prefrontal cortex (DLPFC), and dorsal aspects of posterior parietal cortex. A similar pattern was observed for
repeat trials.
(C) 3D rendering of regions engaged in the high versus low response conflict contrast (green) and the high versus low stimulus conflict contrast
(red). In general, stimulus conflict was associated with increased activity in a network of structures located dorsal to those sensitive to response
conflict.
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with Increasing Conflict
(A) As predicted, the conflict index was signif-
icantly higher for shift trials than repeat trials
(t = 1.85, p = 0.033, one-tailed). Error bars =
SEM.
(B) Activity (percent change in BOLD signal
from run-average baseline) in anterior cingu-
late cortex (left) and posterior parietal cortex
(right) is plotted against the conflict index.
Activity in these regions increased with in-
creasing conflict as indexed by the product
of activities in color- and motion-sensitive re-
gions (r = 0.49 [ACC], r = 0.48 [PPC], p <
0.001). *p < 0.05, ***p < 0.001.structures located dorsal to the areas sensitive to re-
sponse conflict (compare red and green regions, respec-
tively, in Figure 4C). This included a region of right dorsal
posterior parietal cortex (BA 7, p < 0.05) that converged
with the region depicted in Figure 3, but not anterior cin-
gulate cortex (p > 0.85). This dissociation was reflected in
an interaction between region (ACC, PPC) and stimulus
conflict [F(2,36) = 3.19, p = 0.05]. Other areas that were
sensitive to stimulus conflict included right DLPFC (BA
8/9), which converged with the ROI depicted in Figure 3,
and right anterior prefrontal cortex (BA 9/10; Figure 5C:
p < 0.05; for precise locations, see Table S3). A similar pat-
tern was observed when shifts and repeats were ana-
lyzed together and for repeat trials alone, though activa-
tions were more robust in this contrast. Although high
and low stimulus conflict shifts included equal numbers
of high and low response conflict trial types, we further
controlled for the confounding effects of response con-
flict by performing this contrast on low response conflict
shift trials exclusively. Activities in all three areas re-
mained significant. Thus, ACC, but not DLPFC or dorsal
PPC, were sensitive to conflict at the level of the re-
sponse, while DLPFC and dorsal PPC but not ACC
were sensitive to conflict at the level of the stimulus
representation.
Conflict Sensitivity in Frontoparietal Cortex
Finally, we examined how activity in these three struc-
tures varied with a physiologic index of conflict. The con-
flict-monitoring hypothesis states that anterior cingulate
cortex acts to detect conflicts in information processing
in posterior cortex. According to this view, when activity
in two competing neural units is high, activity in anterior
cingulate cortex should also be elevated (Botvinick et al.,
2001). To test this prediction, we identified six occipito-
temporal regions that were primarily motion sensitive
or primarily color sensitive by contrasting color shift tri-
als with motion shift trials. The three most significant
color-sensitive areas were located in the middle and su-perior temporal gyri (BA 20, 21; Talairach coordinates:
243, 7, 221; 242, 2, 25; 58, 234, 3). Primarily motion-
sensitive regions were located in two areas of extrastri-
ate occipital cortex and in the middle temporal gyrus
(BA 18, 19, 21; Talairach coord: 36, 265, 1; 26, 279, 18;
244,252,29). In accord with Botvinick and colleagues’
(Botvinick et al., 2001) computational formulation, con-
flict was indexed as a normalized product of the acti-
vities (% change in BOLD signal from the run-average
baseline) in these three color-sensitive regions and
three motion-sensitive regions, summed across all nine
combinations:
Conflict = sqrt
X
i; j
Ci3Mj
or
Conflict = sqrt½ðC1 +C2 +C3ÞðM1 +M2 +M3Þ:
Importantly, this formulation differs from that adopted
in Botvinick and colleagues’ (Botvinick et al., 2001) com-
putational model in that they ensured that competing
units were connected by negative weights, whereas we
could not reliably assess the association between the
color- and motion-sensitive regions examined in our
study. Instead, our index was intended to serve as a mea-
sure of conflict not between two competing perceptual
areas per se, but rather between two stimulus-response
processing streams, which are assumed to compete
with each other. This was most easily measured in com-
ponents of these processing streams that are anatomi-
cally distinct, i.e., in perceptual regions. Activities in the
color- and motion-sensitive regions were assumed to
be proxies for activity in their respective processing
streams. Justifications for these assumptions and fur-
ther discussion of the limitations of this analysis are in-
cluded as Supplemental Data. To confirm the validity of
the construct, we examined how the conflict index varied
by trial type. As predicted, conflict was higher for shift tri-
als than for repeat trials (Figure 5A: t = 1.85, p = 0.033,
one-tailed).
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PPC Predicted Increased Activity in DLPFC
and Enhanced Behavioral Performance on
Subsequent Trials
(A) Activity in ACC (left: p < 0.001) and dorsal
PPC (right: p < 0.001) on high conflict trials
predicted increased DLPFC activity on the
subsequent trial. ACC and dorsal PPC activi-
ties are plotted in six quantiles against the
means for DLPFC activity (percent change
in BOLD signal from run-average baseline).
Error bars = SEM.
(B) Activity in ACC (left: t = 2.00, p = 0.047) and
dorsalPPC (right: t = 2.70, p < 0.007)on the pre-
ceding shift trial was significantly higher for
high adjustment (fast) trials than for low adjust-
ment (slow) trials. See text for details. Error
bars = SEM. *p < 0.05, **p < 0.01, ***p < 0.001.We then examined how this physiologic index of con-
flict predicted activity in DLPFC, ACC, and dorsal PPC on
a trial-by-trial basis, excluding trials when color- and mo-
tion-sensitive regions were both below baseline. Within
the relatively large areas of DLPFC, ACC, and PPC acti-
vated in the task-switching contrast, we selected regions
that overlapped with either conflict contrast to maximize
conflict sensitivity. These included right DLPFC (36, 32,
36) and right dorsal PPC (24,260, 45), which were active
in both the task-switching and stimulus conflict contrasts,
and an area of right rostral ACC (Talairach coordinates:
5, 37, 17), which was active in both the task-switching
and response conflict contrasts. (See Supplemental
Data for further discussion of region of interest [ROI]
selection.)
The conflict index was significantly correlated with the
BOLD signal (percent change from baseline) in all three
regions of interest, but the strength of this correlation
varied from region to region. Correlations with anterior
cingulate cortex (BA 24/32, r = 0.49, p < 0.001; Figure 5B)
and posterior parietal cortex (BA 7, r = 0.48, p < 0.001;
Figure 5C) were significantly stronger (ACC: Z = 3.08, p
< 0.001; PPC: Z = 2.49, p < 0.007) than the correlation
with dorsolateral prefrontal cortex (BA 8/9, r = 0.38, p <
0.001). Interestingly, the conflict index predicted activity
in ACC independent of PPC (r = 0.31, p < 0.001) and
vice versa (r = 0.26, p < 0.001). In contrast, it accounted
for only 1% of the variance in DLPFC activity (R2 =
0.012) independent of activity in these two structures.
Conflict Monitoring in Posterior Parietal Cortex
Thus, dorsal PPC as well as ACC were uniquely sensitive
to conflict. Moreover, ACC and PPC were sensitive to
dissociable forms of conflict at the level of the responseor at the level of the stimulus representation, respec-
tively, which suggests that the central tenet of the con-
flict-monitoring hypothesis may apply to PPC as well
as ACC. Previous work has confirmed several additional
predictions of the conflict-monitoring hypothesis con-
cerning the role of ACC in regulating DLPFC activity
and executing appropriate behavioral adjustments.
These investigations have shown that increased ACC ac-
tivity precedes increased DLPFC activity and is associ-
ated with enhanced behavioral performance on subse-
quent trials (Kerns et al., 2004). We attempted to
replicate the findings reported in Kerns et al. (2004) and
then tested whether these predictions also applied to
posterior parietal cortex.
First, we tested whether increased activity in ACC and
dorsal PPC on high response conflict and high stimulus
conflict trials, respectively, preceded increased activity
in DLPFC. As predicted, increased ACC activity on the
current trial preceded increased DLPFC activity on the
subsequent trial (r = 0.45, p < 0.001). This was also ob-
served for dorsal PPC (r = 0.48, p < 0.001), consistent
with an analogous role for this structure in recruiting
DLPFC (Figure 6A). Importantly, dorsal PPC predicted
subsequent DLPFC activity independent of shared vari-
ance with ACC (r = 0.19, p < 0.001), and vice versa (r =
0.20, p < 0.001), which is suggestive of independent roles
for these structures in DLPFC regulation. Next, we tested
whether ACC and dorsal PPC activity predicted subse-
quent behavioral adjustments. In accord with Kerns
et al. (2004), we classified each trial following a shift trial
as ‘‘high adjustment’’ (fastest quintile relative to average
repeat trial RT) or ‘‘low adjustment’’ (slowest quintile rel-
ative to average repeat trial RT). As predicted, ACC activ-
ity on the preceding shift trial was significantly higher for
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(slow) trials (t = 2.21, p = 0.027). Again, this was also ob-
served for dorsal PPC (t = 3.48, p = 0.001), indicating that
increased PPC activity on a given trial was associated
with enhanced performance on the subsequent trial
(Figure 6B).
Discussion
In accord with other work (Sohn et al., 2000; Rushworth
et al., 2002; Barber and Carter, 2005), the implementation
of cognitive control associated with task switching en-
gaged a network of structures including dorsolateral
prefrontal cortex (BA 8/9), anterior cingulate cortex (BA
24/32), and posterior parietal cortex (BA 7/40). Activity
in all three structures was sensitive to the conflict index,
but to varying degrees. The strongest associations were
observed in ACC and superior aspects of the posterior
parietal cortex, which were independently sensitive to
dissociable forms of conflict at the level of the response
and the stimulus representation, respectively.
Although activities in all three structures were posi-
tively correlated with each other, this finding cannot fully
account for the relation between the conflict index and
activity in PPC and ACC. The conflict index predicted ac-
tivity in ACC and PPC independent of activity in DLPFC:
increased conflict predicted increased activity in these
structures above and beyond that associated with
whole-circuit increases in activity associated with atten-
tion, for example. In contrast, the conflict index pre-
dicted only about 1% of the variance in DLPFC activity in-
dependent of ACC and PPC, suggesting a relation
specific to these structures.
Activity in both ACC and PPC increased with the con-
flict index, but these structures were sensitive to differ-
ent forms of conflict. Response conflict varied with the
congruency of the stimulus-response mapping in each
dimension, similar to the approach adopted in previous
studies of response conflict (e.g., MacDonald et al.,
2000; Rushworth et al., 2002; Weissman et al., 2003;
Kerns et al., 2004). Stimulus conflict varied with the sa-
lience of the irrelevant dimension, which was manipu-
lated in accord with psychophysics findings (Campbell
and Maffei, 1980). It is important to note that factors
such as the salience of the relevant stimulus dimension,
the location of the target stimulus, the level of response
conflict, and the preceding context were all controlled.
Thus, the stimulus conflict manipulation was not con-
founded by conflict at the level of the response or by
other (e.g., spatial) attentional demands, independent
of competing stimulus information from the irrelevant di-
mension. These manipulations revealed a double disso-
ciation for conflict sensitivity in ACC and PPC. ACC, but
not dorsal PPC, was sensitive to conflicts at the level of
the response: ACC activity was elevated on high re-
sponse conflict shifts relative to low response conflict
shifts (Figure 4B), but this effect was not observed in dor-
sal PPC (BA 7). In contrast, posterior parietal cortex, but
not ACC, was sensitive to conflict at the level of the stim-
ulus representation, as activity in PPC increased with the
salience of stimulus information from the irrelevant di-
mension. Interestingly, the conflict index also predicted
activity in PPC independently of ACC and vice versa,
which lends further support to the interpretation thatthese structures are sensitive to distinct forms of con-
flict. The conflict index predicted approximately 25% of
the variance in ACC and PPC, nearly half of which was in-
dependent of activity in the other structure.
The selective sensitivity of ACC activity to response
conflict but not stimulus conflict is consistent with at
least two other reports (Van Veen et al., 2001; Van Veen
and Carter, 2002), which used the Eriksen flanker task.
Although others have observed ACC activity in associa-
tion with nonresponse conflict (e.g., Weissman et al.,
2003; Badre and Wagner, 2004; Van Veen and Carter,
2005), nonresponse conflict in these studies occurred
at a level intermediate between the stimulus input and
the response. In contrast, nonresponse conflict in our
task and in the Eriksen flanker task occurred at the level
of the stimulus representation, which may account for
this discrepancy, as described in Van Veen and Carter
(2005). The precise locus of ACC activity may also be im-
portant. For example, Rushworth and colleagues (Rush-
worth et al., 2003) reported that lesions to ACC in mon-
keys cause task-switching deficits only if the lesions
were extensive and included the cingulate sulcus. In
two of the reports cited above (Weissman et al., 2003;
Van Veen and Carter, 2005), ACC activity sensitive to
nonresponse conflict was observed in more caudal as-
pects of ACC, while Van Veen and Carter’s (Van Veen
and Carter, 2005) report indicates that rostral ACC may
be selectively sensitive to response conflict, consistent
with the locations described in other studies that empha-
size interference at the level of the response (Casey et al.,
2000; Van Veen et al., 2001).
In other respects, though, patterns of activity in ACC
and PPC were similar. Increased activity in both ACC
and PPC predicted increased DLPFC activity and en-
hanced behavioral performance on subsequent trials.
Importantly, the correlation between PPC activity and
subsequent DLPFC activity was independent of shared
variance with ACC (and vice versa), lending further sup-
port to the hypothesis that PPC may act to regulate
DLPFC activity independently of ACC. These results
are consistent with a role for both of these structures in
regulating DLPFC activity by signaling the need for
greater control. Indeed, just as ACC is anatomically
well situated to detect conflicts at the level of a motor re-
sponse and signal these to lateral prefrontal cortex (Bar-
bas and Pandya, 1989; Bates and Goldman-Rakic, 1993),
several studies suggest that posterior parietal cortex is
anatomically well suited to detect stimulus conflict and
signal this to prefrontal cortex: primate posterior parietal
cortex receives ample, direct input from extrastriate vi-
sual cortex and sends direct projections to lateral pre-
frontal cortex (Wise et al., 1997). Previous studies have
emphasized a role for posterior parietal cortex in detect-
ing unexpected or behaviorally relevant stimuli and facil-
itating goal-directed attention to task-relevant aspects
of a visual stimulus (Corbetta et al., 2000; Corbetta and
Shulman, 2002). Our results suggest one mechanism
by which these processes may be mediated: detection
of conflicts in information processing at the level of the
stimulus representation may signal to lateral prefrontal
cortex the need for enhanced top-down control, with dis-
tinct subregions regulating representations at various
levels of abstraction (Desimone and Duncan, 1995;
Dias et al., 1996; Casey et al., 2000; O’Reilly et al., 2002;
Neuron
650Koechlin et al., 2003). Further experimentation is neces-
sary to assess the importance of conflict detection as
a mechanism by which PPC mediates selective atten-
tion, especially in the context of other task paradigms.
These findings may also inform efforts to integrate the
conflict-monitoring hypothesis with a growing body of
research that explores the role of posterior parietal cor-
tex in generating categorical perceptual decisions about
sensory stimuli. Electrophysiological studies in nonhu-
man primates suggest that PPC plays a critical role in
generating plans for movement through coordinate
transformations of sensory inputs from multiple modali-
ties into a common frame of reference (Anderson and Bu-
neo, 2002), and stimulus-related inputs to PPC can
evoke neuronal activity associated with more than one
potential motor plan (Snyder et al., 1997). Recent exper-
iments have demonstrated that these responses are
modulated by decision-theoretic variables such as ex-
pected gain and outcome probability (Platt and
Glimcher, 1999), suggesting that cells in PPC may func-
tion to accumulate, over time, stimulus information fa-
voring one decision over another; perceptual decisions
could be made by calculating the difference between ac-
tivity in cells favoring decision A and in those favoring de-
cision B (Gold and Shadlen, 2001). Cells with these elec-
trophysiological properties would be ideally suited for
detecting and signaling conflicts at the level of the stim-
ulus representation: an activity difference that fails to ex-
ceed the required threshold could serve as a signal for
the recruitment of prefrontally mediated control mecha-
nisms, which would facilitate the representation of task-
appropriate stimulus information.
It is also interesting to note that response conflict and
stimulus conflict played different roles in shift trials rel-
ative to repeat trials, which may help to reconcile the
conflict-monitoring hypothesis with a recent report by
Milham et al. (2003). They scanned subjects while
performing a variant of the Stroop task in which subjects
attained rapid practice-related improvements in perfor-
mance. ACC and DLPFC activity was observed initially
on incongruent relative to congruent trials, but with prac-
tice, ACC activity decreased to baseline while DLPFC ac-
tivity remained elevated. Several groups have noted that
this finding is inconsistent with the assertion that ACC
plays a necessary role in recruiting DLFPC (Paus, 2001;
Milham and Banich, 2005). Our results suggest an alter-
native interpretation. They confirm that with repetition,
the role of ACC in regulating control mechanisms dimin-
ishes: ACC was not engaged on high conflict repeat trials
relative to low conflict repeats, and the behavioral costs
associated with response conflict diminished commen-
surately. Instead, posterior parietal cortex may substi-
tute for ACC in regulating the activity of DLPFC: high
stimulus conflict repeat trials relative to low conflict re-
peats engaged both PPC and DLPFC robustly, and the
behavioral effects of stimulus conflict persisted. With re-
peated exposure, PPC may suffice to detect conflicts at
the level of the stimulus representation and recruit
DLPFC to resolve them before they affect response se-
lection. Alternatively, response selection may, with repe-
tition, become tonically regulated by the more ventral re-
gions of lateral prefrontal cortex depicted in Figure 4B, in
accord with other studies of behavioral inhibition and
practice-related changes in executive functioning(Casey et al., 1997; Raichle et al., 1994; Petersen et al.,
1998; Durston et al., 2002). Further experimentation
would be required to test these hypotheses.
Although we focus here on the role of DLPFC, PPC,
and ACC in detecting and resolving conflicts in informa-
tion processing, this focus was not intended to obscure
the fact that these structures also serve additional func-
tions that are essential to task switching. Accordingly,
Rogers and Monsell (1995) have demonstrated that
switch costs persist even in the absence of conflict at
the level of the response or the stimulus representation.
Indeed, our results replicate this finding: when both re-
sponse and stimulus conflict were minimized, shift trials
were still significantly slower than repeat trials (p <
0.007). Other studies have examined the various contri-
butions of these structures to task switching in detail,
and our results are generally in accord with this work. Re-
ports of activity in DLPFC and PPC, for example, are
common in these investigations (Sohn et al., 2000;
Dreher and Berman, 2002; Luks et al., 2002; Barber and
Carter, 2005; Dreher and Grafman, 2003), which ascribe
a role to DLPFC in selecting and maintaining task-rele-
vant representations and selecting task-appropriate re-
sponses. Studies that emphasize response inhibition
(e.g., Sohn et al., 2000, Barber and Carter, 2005) highlight
more inferior aspects of lateral PFC (BA 46/45), also in
accord with our results. Posterior parietal cortex is be-
lieved to play a role in reconfiguring stimulus-response
mappings (Barber and Carter, 2005) and in executing
stimulus-driven task-set adjustments (Sohn et al.,
2000). It is likely that the behavioral costs associated
with switching, independent of manipulations of re-
sponse and stimulus conflict, can be attributed in part
to these adjustments and reconfigurations. By focusing
on the detection and resolution of conflict, our results
complement this body of work.
In contrast to DLPFC and PPC, reports of ACC activity
in studies of task switching and conflict detection are
somewhat inconsistent, and it is important to under-
stand the source of these discrepancies. Several studies
have reported ACC activity in association with task
switching (Burgess et al., 2000; Dreher and Berman,
2002; Swainson et al., 2003; Rushworth et al., 2002).
However, several other studies describe results that
question the importance of ACC for task switching, per se
(Sohn et al., 2000; Luks et al., 2002; Dreher and Grafman,
2003). Important variations in task design, especially in
the timing and predictability of the switch, may account
for these differences. ACC activity may play a critical
role only in conditions that yield high response conflict
on switch trials. If the task structure provides more
time for subjects to prepare for a switch, or if the switch
itself is more predictable, response conflict may diminish
(e.g., Sohn et al., 2000; Luks et al., 2002). Alternatively, if
task switching occurs rapidly (e.g., Dreher and Grafman,
2003), response conflict may persist even on repeat tri-
als, in which case switches and repeats might engage
ACC equivalently. Our task was designed to maximize
switch-related response conflict, so ACC activity was
to be expected.
Collectively, our findings suggest that the basic tenets
of the conflict-monitoring hypothesis (Botvinick et al.,
2001) may apply to dorsal posterior parietal cortex as
well as anterior cingulate cortex. Anterior cingulate and
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tinctly dissociable networks, sensitive to conflict at the
level of the motor response or the stimulus representa-
tion, respectively. Activity in these structures varied
uniquely and independently with a physiologic index of
conflict in competing processing streams and predicted
increased DLPFC activity and enhanced behavioral ad-
justments. Together, ACC and PPC may act to detect
dissociable forms of conflict, signaling to prefrontal cor-
tex the need for increased control. Structural and func-
tional abnormalities in DLPFC and ACC are commonly
reported in schizophrenia, major depression, and anxi-
ety disorders, among other psychiatric conditions, all
of which feature prominent deficits in attentional control.
Our results confirm the importance of posterior parietal
cortex in this circuitry (Fox et al., 2003; Sohn et al.,
2000, Barber and Carter, 2005) and highlight a new po-
tential role for this structure. A more thorough under-
standing of the functional significance of each compo-
nent of this circuit may facilitate future efforts to link
clinical symptomatology with neuropathology and more
effective treatments.
Experimental Procedures
Subjects
Nineteen right-handed, healthy young adults (ten males) were
scanned. All subjects were screened for contraindications for MRI
and a history of any psychiatric or neurological conditions. The ex-
perimental procedure was approved by the Weill Medical College
of Cornell University IRB, and written informed consent was obtained
from all subjects prior to scanning.
Task-Switching Paradigm
On each trial, subjects were presented with two circular square-wave
gratings, one red and one green, each subtending 4.6º of visual space
at an eccentricity of 4.6º from fixation, for 1500 ms. Each grating
moved either up or down. A centrally located cue (‘‘M’’ or ‘‘C’’) in-
structed the subject to attend to either the motion or the color of the
stimuli. If the cue was an ‘‘M,’’ the subject responded by choosing
the side with the upward moving grating, regardless of color. If the
cue was a ‘‘C,’’ the subject responded by choosing the side with the
red grating, regardless of motion (Figure 1). Repeat trials were defined
as those preceded by two to five trials of the same dimension. Shift
trials were those preceded by two to five trials of the opposite dimen-
sion. Trials also varied with manipulations of response conflict and
stimulus conflict. In a low response conflict trial, the red grating was
also the upward moving grating so the correct response was the
same in both dimensions. In a high response conflict trial, the red grat-
ing was downward moving, and the green grating was upward moving
so the correct response depended on the cue (Figure 2B). Stimulus
conflict was parametrically manipulated by adjusting the color satura-
tion on motion trials and the square-wave contrast on color trials,
yielding three levels of conflict (low, medium, and high; see
Figure 2C) that varied with the salience of the irrelevant dimension,
consistent with psychophysical studies of motion detection and color
discriminations (Campbell and Maffei, 1980). Each trial ended with
a centrally located white fixation cross, subtending 1.2º of visual
space, with a variable duration (500–12,500 ms). Reaction times and
accuracies were recorded for all trials using the E-Prime and IFIS
software packages (Psychology Software Tools, Pittsburgh PA).
Prior to scanning, subjects were trained on three blocks of 36 trials
consisting of color discriminations, motion discriminations, and
alternating color/motion discriminations, respectively. In the scan-
ner, subjects completed six blocks of 72 trials, which were presented
in a jittered task design. To maximize the behavioral effects of con-
flict, long intertrial intervals followed only 24 selected shift and repeat
trials per block. These trials were counterbalanced for dimension,
side of target presentation, response conflict, stimulus conflict,
and preceding context (i.e., the number of high versus low conflicttrial types in the three trials preceding a trial of interest). Thus, for
a given contrast (shift versus repeat, for example), each group con-
tained equal numbers of trials from each combination of conditions.
All other trials were followed by a 500 ms fixation cross and were not
explicitly included in any imaging or behavioral contrast. Although
a fully jittered design would be ideal, preliminary pilot testing demon-
strated that periods of fixation preceding a shift in excess of 2–3 s led
to a rapid deterioration in the magnitude of all behavioral effects and
consequently, large reductions in statistical power. It is also worth
noting that the observed BOLD signal time courses closely resemble
the predicted hemodynamic response function (see Figure S2).
MRI Parameters
Images were acquired on a GE 3T MRI scanner using a quadrature
head coil. Functional scans were acquired using a spiral in-and-out
sequence (Glover and Thomason, 2004; TR = 2000, TE = 30, FOV =
200 mm, 64 3 64 matrix, 29 5 mm axial slices). Anatomical data
sets included 3D high-resolution SPGR images (TR = 25, TE = 5,
124 1.5 mm coronal slices) and a T1-weighted in-plane scan (TR =
500, TE = min, FOV = 200 mm, 2563 256 matrix, 29 5 mm axial slices).
Behavioral Data Analysis
Reaction time and accuracy was recorded for all trials. Effects of task
switching, response conflict, and stimulus conflict were assessed
using a 2 (repeat/shift)3 2 (low/high response conflict)3 3 (low/me-
dium/high stimulus conflict) factorial within-subjects ANOVA. Only
correct trials were included in reaction time analyses.
Imaging Data Analysis
MR images were preprocessed and analyzed using the BrainVoyager
QX software package (Brain Innovations, Maastricht, The Nether-
lands). Preprocessing of fMRI data included slice scan time correc-
tion, temporal filtering, linear trend removal, spatial smoothing using
a 4 mm FWHM Gaussian kernel, and 3D motion correction. Func-
tional data sets were coregistered to the 3D SPGR anatomical vol-
ume. Both functional and anatomical data sets were then trans-
formed into Talairach space.
The 114 (6 runs319 subjects) z normalized functional time courses
were analyzed based on the least mean squares solution to each of
two general linear models (GLM). The first GLM used level of re-
sponse conflict (low or high) for each trial type (shift or repeat) as
the primary predictors. The second GLM used level of stimulus con-
flict (low, medium, high) for each trial type (shift or repeat) as the pri-
mary predictors. Only correct trials were included in these predic-
tors. Each contrast analysis was performed based on wholebrain
voxelwise t tests of the difference between the b weights of the rele-
vant predictors using a random effects analysis. Interactions were
assessed using a multifactorial within-subjects ANOVA based on
the b weights of the relevant predictors for each ROI, as noted in
the text. The shift versus repeat contrast was thresholded at p <
0.005 with a minimum cluster size of eight contiguous voxels
(w320 transformed voxels) to minimize the likelihood of a type I error.
Because the contrasts for response conflict and stimulus conflict in-
cluded only 50% and 33% as many trials, respectively, these con-
trasts were thresholded at p < 0.01 with a minimum cluster size of
11 contiguous voxels, yielding an equivalent correction for multiple
comparisons and increased power for detecting relatively large vol-
umes of activation. These criteria ensure that the probability of a type
I error is less than 0.05 (Forman et al., 1995).
Correlations between the conflict index and activity (BOLD signal,
percent change from run-average baseline) in DLPFC, ACC, and PPC
were assessed by performing linear regressions for each subject, fol-
lowed by a one-sample t test of the resultant b values versus zero, to
account for intersubject variance. The relative strengths of these as-
sociations were assessed by comparison of the Fisher Z transformed
correlation coefficients for each subject as described in Meng et al.
(1992). Z values reported in the text represent the group mean, with
corresponding significance levels. Partial correlations controlling
for shared variance with other structures in the circuit (see text)
were also performed separately for each subject, followed by
a one-sample t test versus zero. Correlation coefficients reported
in the text represent the group mean, while significance levels reflect
the results of each one-sample t test.
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executing appropriate behavioral adjustments and to replicate the
findings of Kerns et al. (2004), we performed two post hoc analyses.
First, we examined how activity in ACC and dorsal PPC on high re-
sponse conflict and high stimulus conflict trials, respectively, corre-
lated with activity in DLPFC on the subsequent trial, in accord with
the analysis described in Kerns et al. (2004). For this purpose, activity
for a given trial type was defined as the mean of activity (BOLD signal,
percent change from run-average baseline) recorded on the second,
third, and fourth scan post-stimulus onset, accounting for the lag in
the hemodynamic response. To control for the effects of task-asso-
ciated brain activity, we calculated the partial correlation between
activity in either ACC or dorsal PPC on a given trial and DLPFC activ-
ity on the subsequent trial, while controlling for shared variance with
a task-relevant region in the right temporal lobe, again following the
approach described in Kerns et al. (2004). We then performed a one-
sample t test versus zero to account for intersubject variance, as de-
scribed above. Significance levels reported in the text represent the
results of these t tests.
Second, we examined whether activity in ACC and dorsal PPC pre-
dicted subsequent behavioral adjustments. Again, we adopted the
methods of Kerns et al. (2004): trials immediately following a shift trial
were sorted by reaction time relative to the mean repeat trial RT. Tri-
als in the fastest quintile were classified as ‘‘high adjustment,’’ and
those in the slowest quintile were classified as ‘‘low adjustment.’’
We then tested the prediction that activity in ACC and dorsal PPC
should be higher for shift trials followed by high adjustment trials
than for those followed by low-adjustment trials.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/50/4/643/DC1/.
Acknowledgments
The authors wish to thank J.D. Cohen for comments on an earlier ver-
sion of this manuscript and to acknowledge the constructive criti-
cisms of two anonymous reviewers. This work was supported in
part by R21 DA15882, R01 MH63255, and P01 MH62196 (Project IV)
to B.J.C.; C.L. is supported by NIH Medical Scientist Training Pro-
gram grant GM 07739, a W.M. Keck Foundation Medical Scientist
Fellowship, and a Paul and Daisy Soros Fellowship.
Received: October 12, 2005
Revised: January 23, 2006
Accepted: April 12, 2006
Published: May 17, 2006
References
Anderson, R.A., and Buneo, C.A. (2002). Intentional maps in poste-
rior parietal cortex. Annu. Rev. Neurosci. 25, 189–220.
Badre, D., and Wagner, A.D. (2004). Selection, integration, and con-
flict monitoring: Assessing the nature and generality of prefrontal
cognitive control mechanisms. Neuron 41, 473–487.
Barbas, H., and Pandya, D.N. (1989). Architecture and intrinsic con-
nections of the prefrontal cortex in the rhesus monkey. J. Comp.
Neurol. 286, 353–375.
Barber, A.D., and Carter, C.S. (2005). Cognitive control involved in
overcoming prepotent response tendencies and switching between
tasks. Cereb. Cortex 15, 899–912.
Bates, J.F., and Goldman-Rakic, P.S. (1993). Prefrontal connections
of medial motor areas in the rhesus monkey. J. Comp. Neurol. 336,
211–228.
Birrell, J.M., and Brown, V.J. (2000). Medial frontal cortex mediates
perceptual attentional set shifting in the rat. J. Neurosci. 20, 4320–
4324.
Bishop, S., Duncan, J., Brett, M., and Lawrence, A.D. (2004). Prefron-
tal cortical function and anxiety: controlling attention to threat-re-
lated stimuli. Nat. Neurosci. 7, 184–188.Botvinick, M.M., Braver, T.S., Barch, D.M., Carter, C.S., and Cohen,
J.D. (2001). Conflict monitoring and cognitive control. Psychol. Rev.
108, 624–652.
Burgess, P.W., Veitch, E., Costello, A.D., and Shallice, T. (2000). The
cognitive and neuroanatomical correlates of multitasking. Neuro-
psychologia 38, 848–863.
Campbell, F.W., and Maffei, L. (1980). The influence of spatial fre-
quency and contrast on the perception of moving patterns. Vision
Res. 21, 713–721.
Carter, C.S., Braver, T.S., Barch, D.M., Botvinick, M.M., Noll, D., and
Cohen, J.D. (1998). Anterior cingulate cortex, error detection, and
the online monitoring of performance. Science 280, 747–749.
Carter, C.S., MacDonald, A.M., Botvinick, M., Ross, L.L., Stenger,
V.A., Noll, D., and Cohen, J.D. (2000). Parsing executive processes:
strategic vs. evaluative functions of the anterior cingulate cortex.
Proc. Natl. Acad. Sci. USA 97, 1944–1948.
Casey, B.J., Trainor, R.J., Orendi, J.L., Schubert, A.B., Nystrom, L.E.,
Giedd, J.N., Castellanos, F.X., Haxby, J.V., Noll, D.C., Cohen, J.D.,
et al. (1997). A developmental functional MRI study of prefrontal ac-
tivation during performance of a Go-No-Go task. J. Cogn. Neurosci.
9, 835–847.
Casey, B.J., Thomas, K.M., Welsh, T.F., Badgaiyan, R.D., Eccard,
C.H., Jennings, J.R., and Crone, E.A. (2000). Dissociation of re-
sponse conflict, attentional selection, and expectancy with func-
tional magnetic resonance imaging. Proc. Natl. Acad. Sci. USA 97,
8728–8733.
Casey, B.J., Tottenham, N., and Fossella, J. (2002). Clinical, imaging,
lesion, and genetic approaches toward a model of cognitive control.
Dev. Psychobiol. 40, 237–254.
Cohen, J.D., and Servan-Schreiber, D. (1992). Context, cortex and
dopamine: a Connectionist approach to behavior and biology in
schizophrenia. Psychol. Rev. 99, 47–77.
Corbetta, M., and Shulman, G.L. (2002). Control of goal-directed and
stimulus-driven attention in the brain. Nat. Rev. Neurosci. 3, 201–
215.
Corbetta, M., Kincade, J.M., Ollinger, J.M., McAvoy, M.P., and Shul-
man, G.L. (2000). Voluntary orienting is dissociated from target de-
tection in human posterior parietal cortex. Nat. Neurosci. 3, 292–297.
Desimone, R., and Duncan, J. (1995). Neural mechanisms of selec-
tive visual attention. Annu. Rev. Neurosci. 18, 193–222.
Dias, R., Robbins, T.W., and Roberts, A.C. (1996). Dissociation in
prefrontal cortex of affective and attentional shifts. Nature 380, 69–
72.
Dreher, J.C., and Berman, K.F. (2002). Fractionating the neural sub-
strate of cognitive control processes. Proc. Natl. Acad. Sci. USA 99,
14595–14600.
Dreher, J.C., and Grafman, J. (2003). Dissociating the roles of the
rostral anterior cingulate and the lateral prefrontal cortices in per-
forming two tasks simultaneously or successively. Cereb. Cortex
13, 329–339.
Durston, S., Thomas, K.M., Worden, M.S., Yang, Y., and Casey, B.J.
(2002). The effect of preceding contex on inhibition. Neuroimage 16,
449–453.
Forman, S.D., Cohen, J.D., Fitzgerald, M., Eddy, W.F., Mintun, M.A.,
and Noll, D.C. (1995). Improved assessment of significant activation
in functional magnetic-resonance-imaging (fMRI) – Use of a cluster-
size threshold. Magn. Reson. Med. 33, 636–647.
Fox, M.T., Barense, M.D., and Baxter, M.G. (2003). Perceptual atten-
tional set-shifting is impaired in rats with neurotoxic lesions of pos-
terior parietal cortex. J. Neurosci. 23, 676–681.
Glover, G.H., and Thomason, M.E. (2004). Improved combination of
spiral-in/out images for BOLD fMRI. Magn. Reson. Med. 51, 863–
868.
Gold, J.I., and Shadlen, M.N. (2001). Neural computations that un-
derlie decisions about sensory stimuli. Trends. Cogn. Sci. 5, 10–16.
Kerns, J.G., Cohen, J.D., MacDonald, A.W., Cho, R.Y., Stenger, V.A.,
and Carter, C.S. (2004). Anterior cingulate conflict monitoring and
adjustments in control. Science 303, 1023–1026.
Conflict Sensitivity in ACC and PPC
653Koechlin, E., Ody, C., and Kouneiher, F. (2003). The architecture of
cognitive control in the human prefrontal cortex. Science 302,
1181–1185.
Luks, T.L., Simpson, G.V., Feiwell, R.J., and Miller, W.J. (2002). Evi-
dence for anterior cingulate cortex involvement in monitoring prepa-
ratory attentional set. Neuroimage 17, 792–802.
MacDonald, A.W., Cohen, J.D., Stenger, V.A., and Carter, C.S.
(2000). Dissociating the role of the dorsolateral prefrontal and ante-
rior cingulate cortex in cognitive control. Science 288, 1835–1838.
Meng, X.L., Rosenthal, R., and Rubin, D.B. (1992). Comparing corre-
lated correlation-coefficients. Psychol. Bull. 111, 172–175.
McAlonan, K., and Brown, V.J. (2003). Orbital prefrontal cortex me-
diates reversal learning and not attentional set shifting in the rat.
Behav. Brain Res. 146, 97–103.
Milham, M.P., and Banich, M.T. (2005). Anterior cingulate cortex: an
fMRI analysis of conflict specificity and functional differentiation.
Hum. Brain. Mapp. 25, 328–335.
Milham, M.P., Banich, M.T., Claus, E.D., and Cohen, N.J. (2003).
Practice-related effects demonstrate complementary roles of ante-
rior cingulate and dorsolateral prefrontal cortices in attentional con-
trol. Neuroimage 18, 483–493.
Miller, E.K., and Cohen, J.D. (2001). An integrative theory of prefron-
tal cortex function. Annu. Rev. Neurosci. 24, 167–202.
O’Reilly, R.C., Noelle, D.C., Braver, T.S., and Cohen, J.D. (2002). Pre-
frontal cortex and dynamic categorization tasks: representational
organization and neuromodulatory control. Cereb. Cortex 12, 246–
257.
Paus, T. (2001). Primate anterior cingulate cortex: where motor con-
trol, drive, and cognition interface. Nat. Rev. Neurosci. 2, 417–424.
Petersen, S.E., van Mier, H., Fiez, J.A., and Raichle, M.E. (1998). The
effects of practice on the functional anatomy of task performance.
Proc. Natl. Acad. Sci. USA 95, 853–860.
Platt, M.L., and Glimcher, P.W. (1999). Neural correlates of decision
variables in parietal cortex. Nature 400, 233–238.
Raichle, M.E., Fiez, J.A., Videen, T.O., Macleod, A.M.K., Pardo, J.V.,
Fox, P.T., and Petersen, S.E. (1994). Practice-related changes in
human brain functional-anatomy during nonmotor learning. Cereb.
Cortex 4, 8–26.
Rogers, R.D., and Monsell, S. (1995). Costs of a predictable switch
between simple cognitive tasks. J. Exp. Psychol. Gen. 124, 207–231.
Rushworth, M.F.S., Hadland, K.A., Paus, T., and Sipila, P.K. (2002).
The role of the medial frontal cortex in task switching: a combined
fMRI and TMS study. J. Neurophysiol. 87, 2577–2592.
Rushworth, M.F.S., Hadland, K.A., Gaffan, D., and Passingham, R.E.
(2003). The effect of cingulate cortex lesions on task switching and
working memory. J. Cogn. Neurosci. 15, 338–353.
Snyder, L.H., Batista, A.P., and Andersen, R.A. (1997). Coding of
intention in the posterior parietal cortex. Nature 386, 167–170.
Sohn, M.H., Ursu, S., Anderson, J.R., Stenger, V.A., and Carter, C.S.
(2000). The role of the prefrontal cortex and posterior parietal cortex
in task switching. Proc. Natl. Acad. Sci. USA 97, 13448–13453.
Swainson, R., Cunnington, R., Jackson, G.M., Rorden, C., Peters,
A.M., Morris, P.G., and Jackson, S.R. (2003). Cognitive control
mechanisms revealed by ERP and fMRI: Evidence from repeated
task-switching. J. Cogn. Neurosci. 15, 785–799.
Van Veen, V., and Carter, C.S. (2002). The timing of action-monitor-
ing processes in the anterior cingulate cortex. J. Cogn. Neurosci.
14, 593–602.
Van Veen, V., and Carter, C.S. (2005). Separating semantic conflict
and response conflict in the Stroop task: A functional MRI study.
Neuroimage 27, 497–504.
Van Veen, V., Cohen, J.D., Botvinick, M.M., Stenger, V.A., and Carter,
C.S. (2001). Anterior cingulate cortex, conflict monitoring, and levels
of processing. Neuroimage 14, 1302–1308.
Weissman, D.H., Giesbrecht, B., Song, A.W., Mangun, G.R., and
Woldorff, M.G. (2003). Conflict monitoring in the human anterior cin-
gulate cortex during selective attention to global and local object
features. Neuroimage 19, 1361–1368.Wise, S.P., Boussaoud, D., Johnson, P.B., and Caminiti, R. (1997).
Premotor and parietal cortex: corticocortical connectivity and com-
binatorial computations. Annu. Rev. Neurosci. 20, 25–42.
